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voltage differential transformer is used, and its output is displayed 
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TECHNICAL MEMORANDUM X- 53425 
THE DESIGN AND DEVELOPMENT OF A DYNAMIC 
BRUSH WEAR MEASUREMENT APPARATUS 
SUMMARY 
An appa ra tus  t h a t  permi ts  the  c o n t i n u a l  measurement of brush wear of 
e l e c t r i c a l  b rushes  o p e r a t i n g  i n  high vacuum is  desc r ibed .  The appa ra tus  
does n o t  i n t e r f e r e  wi th  normal ope ra t ion  of t h e  brush and measurements 
may be made.with t h e  commutator r o t a t i n g  and e l e c t r i c a l  c u r r e n t  f lowing 
through t h e  b rushes .  This  a l lows  wear measurements t o  be made wh i l e  t h e  
parameters  which a f f e c t  brush wear a r e  v a r i e d .  
The sens ing  element  i s  a l i n e a r  vo l t age  d i f f e r e n t i a l  t r ans fo rmer ,  
e x c i t e d  by a1,600 cps  s i g n a l .  The ou tpu t  i s  demodulated and d i sp layed  on 
a po ten t iome t r i c  r e c o r d e r  which reads  d i r e c t l y  i n  thousandths  of an  inch .  
Reso lu t ion  may be obta ined  from 0.0001 i n c  t o  0.025 inch t o t a l  wear, t hus  
p e r m i t t i n g  wear rate measurements from lo-’ inches /hour  t o  one inch  per  
hour t o  be made. 
m a t e r i a l s  and a p p l i c a t i o n s  t o  be cons idered .  
The wide range  of measurements a l lows  many d i f f e r e n t  
The appa ra tus  w a s . c a l i b r a t e d  by d r i v i n g  the  LVDT armature w i t h  a pre-  
c i s i o n  micrometer w i t h  t h e  recorder  i n  o p e r a t i o n .  The c a l i b r a t i o n  curves  
a r e  shown, and t h e  l i n e a r i t y  i s  b e t t e r  t han  20 .5  percen t .  The r e s u l t s  from 
s e v e r a l  t e s t  runs  a r e  presented  and d i s c u s s e d .  The r o t a t i o n a l  speed and 
c u r r e n t  t o  t h e  brushes  w e r e  var ied ,and  the  e f f e c t s  of t hese  v a r i a b l e s  on 
t h e  wear r a t e  are g iven .  The system i s  shown t o  be capable  of fo l lowing  
both  sudden changes i n  a s h o r t  t i m e  and gradual  changes over  extended 
t i m e  pe r iods .  
INTRODUCTION 
I n  a program t o  develop e l e c t r i c a l  motor brushes f o r  use i n  h igh  
vacuum ( r e f .  l), i t  became apparent  t h a t  a means f o r  cont inuous measure- 
ment of t he  brush wear was r equ i r ed .  Brush wear r a t e s  determined from 
l e n g t h  measurements made be fo re  and a f t e r  t h e  test  provided u s e f u l  i n f o r -  
mat ion f o r  t hose  tests which funct ioned s a t i s f a c t o r i l y ,  bu t  t h e s e  r a t e s  
could  provide l i t t l e  u s e f u l  in format ion  f o r  those  tests which were e r r a t i c  
o r  which f a i l e d  suddenly s i n c e  an in s t an taneous  wear r a t e  could n o t  be 
o b t a i n e d .  
A device was needed which would g i v e  a cont inuous reading  of brush 
wear so  t h a t  bo th  i n s t a n t a n e o u s  and average brush wear ra tes  could be 
determined. This  would permi t  t h e  de te rmina t ion  of t h e  e f f e c t s  of r o t a -  
t i o n a l  speed, c u r r e n t  d e n s i t y ,  and a r c i n g  on t h e  wear r a t e  of a p a r t i c u l a r  
composition of  m a t e r i a l s  and would al low t h e  de te rmina t ion  of t h e  reasons 
f o r  f a i l u r e .  
BACKGROUND 
Ins t rumenta t ion  f o r  measuring wear has  been i n  g e n e r a l  u s e  f o r  several 
decades i n  t h e  e l e c t r i c a l  brush i n d u s t r y  ( r e f .  2 ) .  However, most of t h e  
ins t ruments  are r e l a t i v e l y  bulky and intended f o r  o p e r a t i o n  i n  l a r g e  
machinery.  Some e f f o r t  was expended on wear measurements dur ing  r e s e a r c h  
on t h e  h igh  a l t i t u d e  brush problem ( r e f .  3 and 4 ) ,  b u t  even t h e s e  s o l u t i o n s  
were too  bulky and u n s u i t a b l e  f o r  use  i n  h i g h  vacuum. The m a j o r i t y  of 
t h e s e  systems was in tended  t o  measure wear ra tes  of 10-3 t o  i n c h e s  
p e r  hour over extended p e r i o d s  of t i m e  and would n o t  provide  t h e  r e s o l u t i o n  
r e q u i r e d  f o r  t h e  brush development program of t h i s  d i v i s i o n .  
These devices  g e n e r a l l y  employed a s p r i n g  loaded l e v e r  o r  c a m  arrange-  
ment t o  ga in  a mechanical advantage and t o  provide  r o t a t i o n  of  a s m a l l  
po ten t iometer  ( r e f .  5 ) .  The poten t iometer  was one a r m  of a v o l t a g e  d i v i d e r ,  
and the  change i n  v o l t a g e  produced by t h e  r o t a t i o n  (and hence change i n  
r e s i s t a n c e  r a t i o )  w a s  d i sp layed  on a r e c o r d e r .  This  type  of system r e q u i r e s  
h igh  s p r i n g  p r e s s u r e s  t o  o p e r a t e ,  and i t  produces adverse  loading e f f e c t s  
on t h e  s imulated commutator appara tus  used i n  t h e s e  t e s t s .  A d d i t i o n a l l y ,  
t h e  system i s  cumbersome, r e q u i r e s  l u b r i c a t i o n ,  and i s  l i m i t e d  i n  a p p l i c a -  
t i o n .  
EXPERIMENTAL APPARATUS 
The l i n e a r  v o l t a g e  d i f f e r e n t i a l  t ransformer  (LVDT) i s  a t ransducer  
t h a t  w i l l  genera te  an output  v o l t a g e  p r o p o r t i o n a l  t o  t h e  displacement  o f  
i t s  armature from t h e  e l ec t r i ca l  c e n t e r  of i t s  t ransformer  windings.  
Normally, i t  i s  c o n s t r u c t e d  w i t h  two primary windings connected ser ies  
a d d i t i v e  and two secondary windings connected s e r i e s  s u b t r a c t i v e  
( r e f .  6 ) .  
and t h e  armature is  p o s i t i o n e d  so t h a t  t he  magnetic f l u x  l i n k a g e s  between 
t h e  primary p a i r  and t h e  secondary p a i r  are e q u a l ,  t h e  r e s u l t a n t  o u t p u t  
i s  z e r o ,  s i n c e  the  secondary windings a r e  180 e l e c t r i c a l  degrees  ou t  of 
phase and cancel  each o t h e r .  Movement of t h e  armature from t h i s  e l e c t r i c a l  
c e n t e r  p o s i t i o n  produces an o u t p u t  v o l t a g e  t h a t  i s  d i r e c t l y  p r o p o r t i o n a l  
t o  i t s  displacement.  This  occurs  because t h e  movement a l t e r s  t h e  f l u x  
l inkage  from primary t o  secondary p a i r  t o  i n c r e a s e  t h e  v o l t a g e  on one 
secondary winding and t o  decrease  t h e  v o l t a g e  on t h e  o t h e r .  The LVDT i s  
I f  t h e  primary winding i s  energ ized  by an a l t e r n a t i n g  c u r r e n t  
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capable  of producing l i n e a r i t y  of b e t t e r  than 0.05 p e r c e n t  and an accuracy 
over  a 0.1-inch displacement  of 20.1 p e r c e n t .  The dev ice  i s  s m a l l ,  l i g h t  
i n  weight ,  and because i t  con ta ins  only i n s u l a t e d  wi re ,  a s o f t  i r o n  armature,  
and a non-magnetic s h e l l ,  i t  i s  completely compatible wi th  vacuum ope ra t ion .  
S ince  t h e  m a s s  of the  armature i s  small and i s  a d i r e c t  readout  device ,  i t  
can  be used d i r e c t l y  i n  c o n t a c t  wi th  t h e  brushes and does n o t  r e q u i r e  rods ,  
g e a r s ,  l e v e r s ,  o r  cams f o r  ope ra t ion .  The only  p e n e t r a t i o n  r e q u i r e d  f o r  
t h e  vacuum s y s t e m s  i s  t o  accommodate the  fou r  e l e c t r i c a l  l e a d s .  
The LVDT system i s  shown schemat ica l ly  i n  FIG 1. Two suppor t  b racke t s  
a r e  a t t a c h e d  t o  the  frame of the brush t e s t e r  t o  form a saddle  i n  which 
t h e  LVDT case  i s  mounted. The LVDT armature i s  a c c u r a t e l y  pos i t i oned  by 
t h e  two nylon s l e e v e  bea r ings  and i s  n o t  r e s t r a i n e d  from l i n e a r  movement. 
The c o l l a r  and s p r i n g  a r e  pos i t i oned  on t h e  armature s h a f t  t o  provide  p o s i -  
t i v e  movement of t h e  armature. The end of t h e  armature s h a f t  r e s t s  on the  
back edge of  t h e  brush and i s  ground convex t o  p reven t  any i n t e r f e r e n c e  
wi th  t h e  ope ra t ion  of the  brush.  The LVDT u n i t  i s  shown i n s t a l l e d  on the  
brush t e s t e r  i n  FIG 2 .  
A s p e c i a l  vacuum chamber was designed f o r  the  LVDT system. This  
chamber i s  shown i n  FIG 3 mounted on the  m u l t i p l e  p o r t  vacuum system. 
A s t a i n l e s s  s tee l  body w a s  f a b r i c a t e d  wi th  a reduced end s e c t i o n  of t h i n  
w a l l  s t a i n l e s s  s t e e l  provided f o r  the magnetic d r i v e  system. An o p t i c a l  
view p o r t  w a s  f a b r i c a t e d  from a g l a s s  vacuum j a r  by c u t t i n g  o f f  one s e c t i o n  
and r e p l a c i n g  i t  wi th  a f l a t  g l a s s  d i s c .  The view p o r t  w a s  then s o f t  
so lde red  t o  the  chamber. An "0" r ing  sea l ed  s i d e  chamber houses the  pro-  
j e c t i n g  LVDT u n i t .  This  chamber i s  removable, and i t  al lows i n s t a l l a t i o n  
and c a l i b r a t i o n  of t he  LVDT system a f t e r  the  brush t e s t e r  and chamber have 
been i n s t a l l e d .  
E x c i t a t i o n  f o r  t he  LVDT i s  suppl ied  from the e x t e r n a l  c o n t r o l  u n i t  
a t  1,600 cps  and 3 v o l t s .  Output from the  c o n t r o l  u n i t  i s  taken from a 
10 t o  1 v o l t a g e  d i v i d e r  t h a t  i s  f a b r i c a t e d  from one p e r c e n t  p r e c i s i o n  
r e s i s t o r s  and d isp layed  on a t en  m i l l i v o l t  f l o a t i n g  zero  a d j u s t a b l e  span 
p o t e n t i o m e t r i c  r eco rde r .  The i n t e r n a l  range swi tch  of  t h e  c o n t r o l  u n i t  
p e r m i t s  f u l l  scale r eco rde r  readings of from 0.0125 inch  t o  0.100 inch  
t o  be  made. This  arrangement i s  shown i n  FIG 4 .  
EXPERIMENTAL PROCEDURE 
The brush tes t  appa ra tus  i s  s e t  up, and the  vacuum chamber i s  p laced  
i n  p o s i t i o n .  The LVDT i s  mounted on the  s i d e  of t he  t e s t e r  w i th  t h e  
clamping b o l t s  l oose ly  i n  p l a c e .  With the  armature of t h e  LVDT i n  f i r m  
c o n t a c t  w i th  the  back of the  brush and the  r eco rde r  ze ro  c o n t r o l  a t  mid 
p o s i t i o n ,  t he  c a s e  i s  moved as  necessary t o  e l e c t r i c a l l y  c e n t e r  the  arma- 
t u r e  as c l o s e  as p o s s i b l e .  The clamping b o l t s  a r e  then t i gh tened  t o  
s e c u r e l y  f a s t e n  the  LVDT i n  t h i s  p o s i t i o n .  Then, the  r eco rde r  zero  c o n t r o l  
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i s  used as a f i n e  c o n t r o l  t o  set  t h e  r e c o r d e r  p r e c i s e l y  on ze ro .  The 
range switches o f  t h e  c o n t r o l  u n i t  a r e  used t o  s e t  t h e  d e s i r e d  f u l l - s c a l e  
span on t h e  r e c o r d e r .  
chamber evacuated, and t h e  t e s t  begun. 
The LVDT chamber i s  b o l t e d  i n  p l a c e ,  t h e  e n t i r e  
CALIBRATION PROCEDURE 
The LVDT u n i t  i s  clamped i n  p l a c e  on a t e s t  bench, and a depth 
micrometer i s  clamped s e c u r e l y  t o  the  same f i x t u r e  i n  l i n e  w i t h  and 
c o n t a c t i n g  the armature of t he  LVDT. The r e c o r d e r  i s  zeroed,  and t h e  
range c o n t r o l s  on t h e  c o n t r o l  u n i t  are a d j u s t e d  f o r  t he  span d e s i r e d .  
The micrometer i s  advanced i n  even u n i t s ,  and t h e  corresponding d i s -  
placement i s  read on t h e  r e c o r d e r .  Both t h e  micrometer and t h e  LVDT 
are read  t o  one t e n  thousandth of an inch .  The c a l i b r a t i o n  curves  f o r  
displacements  of .025 and . l o 0  inch  a r e  shown i n  FIG 5 and 6. 
With any device  measuring s m a l l  d isplacements  , t h e  temperature  must 
be c a r e f u l l y  c o n t r o l l e d  o r  compensated f o r  by c o r r e c t i o n s  a p p l i e d  t o  t h e  
r e s u l t i n g  d a t a .  Both t h e  LVDT u n i t  and t h e  c o n t r o l  u n i t  are s e n s i t i v e  
t o  temperature  change. Room temperature  v a r i a t i o n  of approximately 20°F 
has  i n d i c a t e d  an instrument  d r i f t  of approximately 0.0005 i n c h .  I n  
p r a c t i c e ,  i t  has been p o s s i b l e  t o  w a i t  u n t i l  t h e  room temperature  h a s  
s t a b i l i z e d  o r  t o  apply mild h e a t i n g  t o  t h e  LVDT system t o  r e s t o r e  t h e  
d a t a  base l i n e  r a t h e r  than t o  apply a numerical  c o r r e c t i o n  t o  t h e  d a t a .  
EXPERIMENTAL RESULTS 
A wear curve taken on a brush dur ing  i n i t i a l  r u n - i n  i s  shown i n  FIG 7 .  
The corresponding wear r a t e s  a s  f u n c t i o n  of t i m e  are shown i n  FIG 8 .  The 
system i s  e n t i r e l y  capable  of fo l lowing  t h i s  r e l a t i v e l y  l a r g e  change i n  
wear ra te  while main ta in ing  s e n s i t i v i t y  and accuracy;  t h i s  i s  demonstrated 
even more g r a p h i c a l l y  i n  FIG 9 .  
of t i m e  f o r  a r o t a t i o n a l  speed of  2,000 rpm and a brush  c u r r e n t  of 1 ampere. 
The corresponding brush wear ra tes  a r e  shown i n  FIG 10. 
t o t a l  wear and, consequent ly ,  an extremely s m a l l  wear r a t e ,  b u t  e n t i r e l y  
w i t h i n  t h e  c a p a b i l i t y  of t h e  LVDT system. T h i s  a l s o  i n d i c a t e s  t h a t  t h e r e  
are  no adverse  loading e f f e c t s  on t h e  brush by t h e  LVDT armature.  
This  i s  a p l o t  of brush wear as a f u n c t i o n  
This  i s  a v e r y  s m a l l  
F igures  9 - 18 provide  even more g r a p h i c  proof  of t h e  s e n s i t i v i t y  
and accuracy of t h e  LVDT system. F igures  9 - 14 are p l o t s  of wear and 
wear r a t e  f o r  brushes of 85 p e r c e n t  MoS2 - 15  p e r c e n t  Ag, running a t  1.0 
ampere wi th  t h e  rpm v a r i e d  from 2,000 t o  4,000 rpm. 
are of  p a r t i c u l a r  i n t e r e s t  s i n c e  they i n d i c a t e  t h e  a b i l i t y  of t h e  system t o  
measure wear r a t e s  vary ing  from 
hour range occuring over  a span of  a few hours .  
composite f o r  a l l  t h r e e  speeds of t o t a l  wear and wear r a t e ,  r e s p e c t i v e l y .  
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The wear r a t e  c u r v e s  
i n c h e s  p e r  hour t o  l o e 7  i n c h e s  p e r  
F igures  15  and 16 are t h e  
I -  
The LVDT system w a s  a b l e  t o  r e s o l v e  the  change i n  wear ra te  which occurred  
when changing rpm wi th  no d i f f i c u l t y .  
F igu res  17  - 18 d i s p l a y  the  same informat ion  f o r  brushes of 85 pe rcen t  
MoS2 - 15 p e r c e n t  Ag run  a t  2,000 rpm, a t  c u r r e n t s  of 0 .5 ,  1.0, 1 .25,  and 
1.50 amperes. Again, t h e  LVDT system i s  a b l e  t o  r e s o l v e  the  r e l a t i v e l y  
s m a l l  changes i n  wear ra te  which were observed. 
The s e n s i t i v i t y  of t he  appa ra tus  i s  s u f f i c i e n t  t o  enable  easy  determi-  
n a t i o n  of the  f a c t o r s  which i n f l u e n c e  brush wear and t h e  r e l a t i v e  magnitude 
of t h e s e  e f f e c t s .  However, t h i s  in format ion  i s  no t  p e r t i n e n t  t o  t h i s  r e p o r t  
and w i l l  be d i scussed  elsewhere.  
A s  a f u r t h e r  i n d i c a t i o n  of the  s e n s i t i v i t y  of t he  system, i t  i s  s t anda rd  
t e s t  procedure t o  hold  the  t o t a l  commutator run-out  t o  less than  .001 inch ;  
normally 0.0005 inch  i s  used.  Ro ta t iona l  speeds less  than  1,000 rpm produce 
l a r g e  excur s ions  of t he  recorder  pen because the  brush and t h e  LVDT a r e  
fo l lowing  t h e  commutator run-out .  
CONCLUSIONS 
a. The appara tus  i s  capab le  of measuring t o t a l  brush wear of 0.0001 
inch  and brush wear rates of 1 x 
r e p r o d u c i b i l i t y .  
inches /hour  a c c u r a t e l y ,  w i t h  e x c e l l e n t  
b. The ins t rument  can be ad jus t ed  t o  measure t o t a l  wear of from 0.0125 
t o  0.100 inch ,  w i t h  no adjustment  r e q u i r e d  of t h e  LVDT u n i t .  
c .  The LVDT armature does no t  produce adverse  loading  e f f e c t s  on t h e  
brush ,  and i t  i s  e n t i r e l y  compatible  with vacuum ope ra t ion .  
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FIGURE 1. - LVDT SCHEMATIC 
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FIGURE 5. - CALIBRATION RUN, 0 TO 0.025 INCH 
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FIGURE 8. - WEAR RATE DURING RUN-IN 
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